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At 3TRACT

A diffusion-deposition n. lel 13 developed for use in estimating
dosage levels dux to in.filght i- lease of flssion {ragments from a
nuclear-powsre i aircraft, Te model i{s based on the work of Sutton
fnr diffusior and the wnrk of Caamberlain for deposition, The model
considers an wlevited instar . .sous point source and an elevated
instantanecus line source oriented at an arbitrary angle to the mean
wind direction,

Suggested values of the various deposition, rain-out, and diffusicn
parameters to be used with the model are presented along with a quali-
tative discussion cf the uncertainties of the model and the suggested

parameters,
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4 DIFFUSION-DEPOSITION MODEL :
FOR IN-FLIGHT RELEASE OF FISSION FRAGMENTS

1. INTRODUCTION

The purposes of this study have been (1) to develop a diffusion-
deposition model which, when combined with allowable figsion-product
dosages, will permit estimation of the allowable fission-product release
rates during flight operations of nuclear aircraft, and (2) to suggest
values of the parameters to be used in the mcdel for a variety of
meteorological conditions, flight altitudes, and flight patlerns,

As a first approximation and with no signidicant loss of generality,
the source of contamination has been treated either as a line source of
finite length or as a point source at each of several fixed helghts above
sea level, Values of the parameters have been selected for flight alti-

- tudes of nuclear aircraft ranging from 500 to 35,000 feet above sea
level, Flghts in the stratosphere have not been considered.

It has been assumed that the fission products will be released as
gases or as fine particulates, The particles ara expected to exhibit 1
log normal distribution with a geometric mean diameter of C,03;1 and a
geometric standard deviation of two, Also assumed s a constant release
rat2 of each fission product during periods of operation on nuclear fuel,

Consideration has been given to the problem of exposure not only
of the fixed receptor at ground level but of the moving receptor at air-
craft flight levels,

2, THE DIFFUSION MODEL
2,1 Definition of Problem; Modeling Approximations

The diffusion model is derived to apply to the following specific
problems associated with the normal operating release of radioactive
materials by a nuclear-powered a‘rcraft:

a, A source geometry of elther a finite stralght line or
a circle laid out at some given helght Letween 500 und 35, 000
ft above the yround surface ‘

(Authors' manuscript approved 13 April 1940,)




b, An orientation of the line source at an arbitrary
angle to the mean wind dire:tion at tlisht altitude

c. .An estimate of the pollution levels to which a
person on the ground may be exposed

d. An estimate of the pollutioa levels at an arviirary

height in the atmosrhere to which a person flying i a

private or commercial aircraft may be exposed

The finite time the aircraft will take to lay out the source has been
ignored in development of the diffusion models, That ts, it has been as-
sumed that the source may be considered instantaneous in comparison
with the diffusion times that characterize the problem (several hours to
days). This reasoning also leads to the assumption that the source laid
out in a circle may be treated as an instantaneous point source for ex-

posure distances sufficiently far from the circle, The error intsoduced .

by these approximations i3 effectively nil for estimating contaminatton
levels at the ground and at aircraft flight levels,

The most serious azgsumption made in the models is that the mean |

wind 1s constant in direction and speed throughout the portion of the at-
mosphe~e under consideration, In general this is an unrealistic
assunmption for application to "typicai’’ atmospheric conditions, Never-
theless it is {elt that the uncertainties arising in the selection of values
for the various modeling parameters are large enough that (rying to
account rigorously for a nonuniform mean wind fleld tntroduces an
unnecessary refinement, A qualitative discussion of the error this
assumption {ntroduces is given in Section 3 of this report,

The basic diffusion model chosen ag a starting point for this
problein i3 Sutton's model"2 for concentrations due to an instantaneous
point source, The final model developed for the ground contamination
problem enables one to make rough estimates of the following quantities
for either the point source or the line source:

a. The exposure or time-integrated-concentration with
or without deposition on the ground or scavenging by pre-
cipitation processes




b, The total deposition of material at a point on the
rround due to natural pickup of the material by vegetation,
tbjects, etc,

¢, The total deposiiton of material at a point on the

ground due to scavenging by precipitation processes

The model for estimating exposures at filght altitudes ignores the
effect of deposition or scavenging on the air concentrations, Only two
special cases of this problem are treated: an airplane flying through
the cloud (1) parallel to the fght line of the nuclear-powered aircraft
at the same speed, and (2) parallel to the mean wind direction, _

Finally, in both models it 138 assumed that there is no difference
between the power indices on distance for diffusion in the crosswind and
vertical directicns; that is, it is assumed that any anisotropy existing
in the atmosphera on the scale of this problem can be accounted for by
simply assigning different values to the so-called diffusion coefficients,

Cy and Cz.

2,2 Model for Estimating Contaminatton at Ground Level
The equation for the concentration, y , at a point on the grouna,

(x, y, 0), due to an instantaneous point snurce located at x = {cosg 9,
y =.tsin 9, z = h (see Fig, 1) is given by

2Qe
Y. 0,t) = 372
x (%0t = 75 CnyCz,(ﬁt)‘B/z‘(z'n)

{ 1 r.(x -£cos —Et)2 (y -<sin -T-)2 h2 } (
exp ‘-2-n[ Tt Tt (D
(at) Cy Cy C, ]

where Q* {s the source strength (total amourt of material); Cx , ©
and Cz are the diffusion coefficlents with the dimensions of length to
the—g— power; n is the power index (dimen-ionless) mentioned prev-

lously; v has the dimensions of quantity of material per cnit volume;




FIG, 1, Schematic diagram of geometry of
source relerred to a Cartesian cocrdinate system
oriented with the x-axis paraudel to the meaa wind
direction, Length of source = 2L; angle between
line source and x-axis = 9; height of line source
above ground plane (2= 0)=3 h, ‘

i is the mean wind speed; t i3 time after introduction of the source;
and x, y, and z are the coordinates of a Cartesian system with the
X-axis oriented parallel to the mean wind direction (Fig. 1). The
origin of the coordinate system i3 the point deftned by L= 0 (x=y=o0),
za o, ‘ .

Thae tatal exposure, Ep . 1s obtained from Eq. (1) by {ntegrating
over time (zero to infinity) assuming that the spread of the cloud is

small compazed to the travel distances of the Center of gravity of the
cloud from its 1nit1a} position, The result i3

P LR
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1 (y-+sin:)” h !
exXp~ - - . r— | (2)
.7 a2-n 2 2
(x - 7cos )20 | c, c, _J

Ths analogcus yuantity, E, f{or an instantaneous iine source is
oltained by integrating £q, (2) over £ f{rom - . to +L for a line
source of length 2L: ’

Q 5(x) 1
Exy, 0 = == S
: ‘ :Cybz a L (x -+~ cO8%)
e - _‘1
J 1 (y-tstn )% n? . "
exp < - — — - ¢~ |y dL
! *,\2‘1‘1 ad 2 2 .
| (x-.cos L C, ¢l
' -1- for x < Lcog"™; = =+ C0?
cos
where %(x)=
‘ L for x > Lcos: , (4)
l L for + = 90%°: x >0 .

The source strength, Q, must now be given in terms of amount
of material per unit length to make the equation dimeasionally con-
sistent,

If there were no deposition cr precipitation scavenging, Eq, (3)
would give estimates of the exposure near the grouad upon selection of
suitable values for the various parameters. It !s fell, however, that
these latter processes may be important, particularly for those re-
leases relatively near the ground surfacé, An attempt to account for
these effects 13 made following the work of Chaml:ur‘.un.s

The tctal deposition, L, at a poirt on the grourd is given by

(50}
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X, yi0) = Y, Bixy0) = -

where A has the dimensions of quantity of material per unit area;

V., is the deposition rate, The far right-hand side of Eq. (5) indicates
the fact that deposition acts to deplete the effective source strength of
the cloud. Substituting Eq. (3) into Eq, (5), solving for Q, and sub-
stituting the result back into Eq, (3) gives

ZQO \ . X [5(3) Vg
Eix,y,0) 2 —— iexp -/ mm———,
- vy, -» - Fod i
:rCy _ L¢cogdv-L .\Cyczﬁ(x & CO8 )
| 1 ftv-.ain5)3 n?" L ] ]
exp |-~ ! + . dx
_ 2-n | 2 3 .
(x-Zcosd) . Sy Cz/ !
b w1 ! 1 ‘(y-istn ") n?
4 —_——— exp] - . ¢
(4L (x -£cos 9)2-n (x-/cos?)2-n, cy2 cl

—

where Qo is the source strength at x = o (cor at the initial time), The
deposition, J& . ls then given by multiplying Eq, (8) by Vg , the
deposition rate,

The scavenging of the particulate or contaminant cloud Ly pre-
cipitation processes s treated here as a two-stage process, Decause
of the smail particle sizes expected in the contaminate cloud, one imust
firs¢ estimate the fraction of exposure that becomes contained tn the
cloud droplets, The second step is to estimate the efficlency of pre- |
cipitation (rain) {n removing the cloud droplets, The actual precipita-
tion depletes the effective source strength of the particulate cloud
whereas the acquisition of particles by cloud droplets has no effect on
the exposures, Onrce precipitation has started, the exposure at the
ground (followirg Chamberlalno) is given by

(6)

a !
|
1



2Qg exp [-Alx-xp)/T 1) 1
E(xv Yv G) = - —_ ' ‘-_—.---_-—“-—2__’1
nyCzu ,-L (x -(cos )4
1 (v -retng)d  n?]]
exp { - - i 3 v 3 d/ (1)
(x -<cos 8) Cy C,

where A 13 the elimination constant (units of ume‘l) that characterizes
the depletion of cloud droplets by precipitation; x, is the downwind
distance where precipitation scavenging first begins; that is,

03 x < X
A =
‘.A.; X 2 xb . (8)

The fraction of the exposure actually contained in cloud dioplets
1s given by (see Greenﬂelda):

{1-exp (-y(x-x)/T]}E(x,y,2)

wheve
ro D ¢ <xa

‘/:
t'v:x 2%,

is the time constant describing the cloud droplet efficiency in acquiring
particles, and X, i3 the downwind distance where cloud droplets first
appear, The total amount of material rer unit area deposited on the
ground is obtatned by integrating .. {1-exp [-¥(x - x,)/ U 11 E
over height under the assumption; that the removal processes are
uniform with height and that the water-droplet cloud completely em-
braces the particulate cloud, Dry deposition and reflection at the
surface when precipitation occurs are both ignored, Thus

\9)




P(x,y,0} = \'1 - exp - (X~ xl)/'ai ;! E(x,y,z) dz
‘ ’ t 0
[ ) A Qo exp - (x-xp)/T ]
= leexp |SHxex)/uim e e
w - : ! <172 Cy )

3(x) 1 | (y - « sln9)?
i ex .
il (xorcosa)ip Pl C2(x - /cos 9)%-®

idc (10)
J

If a point source of strength QO' instead of a finite line source i3
ccnsldered, the above modellng equations are simplified by setting -
identically equal to zero vvhich eliminates the integratizns with rcspect
to £ . Thus, to summartze, tae solutions for tha pcit source
problem are as follows:

a. Exposure, with dry deposition,

L i ’
E_(x,¥,0) s - L
X,¥,0) = exp |~ —— = + -
Y - 2-n 2-n 2 2/
T CyCzUx o X Cy Cl ! ‘i
ro T RIS AN
exp! o Ve xpi - (y + h Hodx. {11)
P T e———- 0  rvhad o — PR {
/ - ~ = Lw~l - 2 4/
L vO 4.Cy~.zux | x C. z /]
b, Deposition
] | 2 2
8,(x.y,0)2 2% % exp | —-—1- e’— * ho
I P 2-n l" 2n (~2 " a2,
Tt\,ybzﬂ' X b ¢ Cy Cz ;.
T oy "y e\
l ) -\,ycz\lx X CY Cz/} i



c. Exposure, with precipitation scavenging,

2Q exp [-/(x - xp)/ 0 |

E_(x,y,0) =:
p o 2-n
CyCzu b
! /yz v’ 13)
X |- —Fw L2t 2 (
: x \Cy C,

d. Deposition due to precipitation scavenging,

P {1 1 p /J"—/\Qo exp [- A (x- xb)/ﬂ‘]
p 3 exp (x5 xV/3c gz 4

2 ' »
y A
_exp '-- 3 Ta - (14)
1 Cy x

2.3 Model for Estimating Contamination for Privately Flown Atrcraft

Let us imagine a privately-owned or commercial plane flying a
course parallel to the source line laid out by the nuclear-powered air-
craft, To simplify the problem mathematically, it is asgumed that the
planes have equal flight speeds and that the end effects due to the finite
length of the source can be neglected, The source can now be treated
as a fixed continuous point source and the exposed plane as a {ixed point
relative to the scurce, Surface deposition does not enter this problem
and precipitation scavenging is neglected, The concentration at the
exposed plane is then given by ’

X(x,y,2)= exp , - ‘—'2' (15
- = 2 .
= CyCzux n x2n z) l :

o i AR




where the Cartesian coordinite systems has its origin at the exhaust
point of tae mclear-powered aircraft; Q 1is the amount of material

released per unit time,
The exposure for the private plane is given, within the 1‘:nits of

the preceding assurnptions, by

E(x,y, 2) iy ; + 12\‘ (16)
' ’ - — —— ex - '
- 2-n 2-n'c 2 3/
..CyCz\I x X \E: C, E

where Q 1s the total amount of material released in flying a Une uf

length 2L; that is
3L/v,

6=4 Q dt

where Va is the airspeed of the airplane, This case is included be-
cause it serves to define a region in the vicinity of the muclear-powered
aircraft from which other air traffic must be restricted, It is the most
serious conceivable air contamination problem arising {rom normal
operation of the muclear-powered aircraft, |

The case of a privately-owned plane flying parallel to the mean
wind direction i3 treated here for an infinite line source oriented per-
pendicular to the mean wind, This is not a particularly serious simpli-
fication Uf the exposed plune flies along the x-axis of the finite line
source; in effect, the model neglects the end effects of the real finite-

length line source.
The concentration at a point (x, z) relative to the initial release

line 13 given by :

Q, 1 [Tx-an? 2 a
: - exp { - — -+
2-h —h 3 3
n CyCZ(ut) (ut) Cx Cz

x,z,t) =

10




An appreximate solution to the contamiaation problem is oitained by
assuming that the exposed plane passes tirough the cloud as described
at some fixed time, t, The alrcrudt exposure is thus

» % dx
E(z,t)=J Xdr= / X (x,2z,t) — =
0 0
t}
Qo ! 2%
. 2-‘0- exp' - '——-—-———-———-2
ic v @y 3 L clay*" (18)

where Va 13 the airspeed ’ot the exposed plane; or, for X = ut , the
position of the center of gravity of the cloud {rom its initial position,

) % 7
E(X,2) = ,1/20 v \'r-il exp |- :“"2‘1'2-;-“" . (19)

1S z'a" !‘- bz

3, VALUES OF PARAMETERS
3.1 Ground-level Exposure, Point or Line Source -

The determination of suitable values for u, n, Cy , and Cz for
this part of the problem {s primarlly governed by the fact that the re-
lease i3 at a relatively high level in the atmosphere whereas estimates
of ground-level exposures are required, All four of these parameters
vary with height with the greatest percentage variation probably being
that of the wind speed, @, The parameters also have horizontal and
time variations, but these vartations are considered secondary in
importance to the vertical variations as far as estimating exposures at
the ground are concerned,

Ir. general the parameters have been given values that are
averaged over the depth of the atmosphere frc:1 the surface to the re-
lease altitude, h, Several helghts are chosen between 500 and 35, 000 ft
for this purpose, |

11




Values of u were derived from tabwlations presented by
Cmtcher7; these tabulations provide seasonal means of wind speed and
direction as well as time variability vs, height for many weather-
observing stations in the Northern Hemisphere., Three stations are
chosen as examples to indicate roughly the degree of variablility one
might expect due to such factors as geographical location and season
of the year, The wind data for these three stations, (Seoul, Korea;
San Diego, California; and San Juan, Puerto Rico) are given in Table 1.

The directions of the mean winds are also important and should
be determined for the reglon of interest in order to assess downwind
effects, '

For planning purposes, estimates of extremes of exposure ex-
pected at the ground due to flight-line orientation can be obtained by
using values of ¢ = 90° (line source crosswind) and 2 = 0° (line
source parallel to mean wind) in the generalized model,

It must be emphasized that the actual wind observed at any time
will generally Le quite different f{rom the mean values given in Tabie 1,
For a given mean wind direction at a given level in the atmosphere,
the observed wind speed can be expected to be between zero and the
mean speed in that direction 25 percent of the time,

Additionally, it must be recognized that the existence of wind
shear with height has a profound effect upon exposure estimates at
grourd ievel in that shear enhances the diffusing power of the atmos-
phere, This meais that the model tends to overestimate the exposure
in regions of appreciable shear,

Selection of suitable values of n, Cy , and Cz must take into
account the variation of these parameters with thermal stability as
well as with height, In general, n increases with increasing thermal
stability, However, available observational data indicate no systematic
variationof C_ and Cz with thermal stability,

Under the assumption that atmospheric anlsotrepy ueed not be
accounted for by assigning values to an "S’ and an n, , results quoted

12




TABLE 1, Five-year 3
doiths of the atmosphere
the 'igiat altitnde of the nucle

Korea; San Dlego, Californt
Seoul, Korea (37° 34'N; 12€° 58'E)

easonad mean w
betw

ind speeds (m/sec) averaged over

een the hewght of receptor and
ar-powered alrcraft for Seoul,
a; and San Juan, Puerto I'ico.

{X:}Iggﬂ'r SEASON HEIGHT (Thsds of feet)
( s
of {eet) 0-6,5 5 10 15 20 25 20 35
Winter 8 8 10 13 15 18 22 25
Spring 4 4 ] 8 10 13 15 18
0-0,5 Summer 2 2 3 4 5 8 7 9
Fall 4 4 8 8 10 13 15 18
Winter 9 12 13 18 21 25 30
Spring 4 7 9 12 14 18 19
5 Summer 2 3 4 5 8 1 8
Fall 4 1 9 12 14 18 19
Winter 15 18 21 24 27 30
Spring 9 12 14 19 19 20
10 Summer 4 5 8 7 8 9
~ Fall 9 12 14 16 19 21
Winter 21 24 27 30 33
Spring 14 117 19 22 24
15 Summer 8 7 8 9 10
Fal 14 17 19 22 33
Winter 27 30 33 35
Spring 19 22 24 25
20 Summer 8 9 10 11
Fall 19 22 24 25
Winter 33 7 39
Spring 24 28 28
25 Summer 10 11 12
Fall 24 26 28
Winter 40 41
Spring 28 30
30 Summer 12 13
Fall 28 30
Winter 43
Spring 31
- 35 Summer 14
Fall 32
13




TABLE 1 (Cuat,)
San Diego, California (32° 44'N; 117° 10'W)

HEIGHT (Thsds of feet)

“HEIGHT SEASON

(thsds
of feet) 0-0.5 5 10 135 20 25 30 35
0-0.5 Winter 2 2 4 ] 8 10 12 14
Saring 3 3 4 5 7 9 11 12
Summaer 2 2 k} 3 5 5 8 7
Fall 2 2 3 3 5 8 1 8
5 Winter 2 4 8 8 11 12 14
Sprirg 3 4 5 7 9 11 12
Summer 2 3 4 5 5 7 8
Fall 2 3 3 5 6 8 9
10 Winter 8 9 11 13 14 15
Spring 5 7 8 11 12 13
Summer 4 5 6 7 8 8
Fall 3 4 8 7 8 9
15 Winter 11 13 13 17 19
Spring 8 10 12 1% 15
sSummer 5 i} K 8 9
Fall 5 1 8 9 10
20 Winter 15 17 19 20
Spring 11 14 15 18
Summer (4 8 9 10
Fal 8 10 11 12
25 Winter 19 21 22
Spring 18 18 19
Summer 9 10 11
Fall 11 12 13
30 Winter 22 24
Spring 19 20
Summer ‘ 11 12
Fall 13 14
35 Winter 25
Spring 21
Summer 13
Fall ' 15

14




TADLE 1 (Cont,)
San Juan, Puerto Rico (18° 28'N; 68° 07'W)

(thsds

g —
HEIGHT SEASON

HEIGHT (Thsds of feet)

of feet) 0.0,5 5 10 15 20 25 30 35
0-0.5 Winter T 1 8 5 8 9 i1 14
Spring 5 5 4 5 8 8 10 13
Summer 8 8 1 T 4 5 5 6
Fall 5 5 4 4 4 4 4 5
5 Winter 1 8 5 8 9 12 14
Spring 5 4 5 g 8 10 13
Summer 8 1 1 8 5 5 8
Fall 5 5 4 4 4 4 -5
10 Winter 4 4 5 7 10 12
Spring 2 3 4 6 8 11
Summer 8 6 5 4 4 5
Fall 4 4 R 3 3 4
15 "Virter 3 4 T 9 11
Spring 4 5 1 9 12
Summer 5 4 4 4 4
Fall 3 3 3 3 4
20 Winter 5 8 10 12
Spring 8 8 10 13
Summer 3 3 3 3
Fall 2 2 2 3
25 Winter 10 13 15
Spring 10 12 15
Summer 2 2 3
Fall 2 2 a
30 Winter 135 17
Spring 14 17
Summer 2 3
Fall 2 3
35 Winter 19
Spring 19
Sunminer 3
Fall 4

15




in the LSAEC WASH 740 report, '* by Barad and Haugen, ° and by
Couva.tr6 are essentially consistent with Sutton's recommendaticns
for the variation of n witih thermal stability, At levels in the atmos-
phere well above the gradient level, however, variations in thermal
stabllity are relatively small and a value cf n slightly greater than
the neutral value is probably appropriate,

Computations of C_ from data published by Wilidns® for large-
scale diffusion, assuming an n value of 0, 25, led to values fcr Cy
that show a slight tendency to decrease with height but that are con-
sistent with values of Cy arising from several other sources; for
example, references 2, 9, and 14,

To determine suitable values of Cz , three recently conducted
experiments over a range of about 100 miles were analyzed with a rate
of dsposition of 2 cm/sec for the fluorescent pigment used and a value
of n of 0,25, The release altitude for these experiments was about
2000 {ft, Thermal stability ranged from slightly stable to slightly un-
stable, The resulting values of (2z are essentially consistent with
Prairie Grass data2 and Sutton's suggested empirical equatlonla for
the variation of ''C' with height, but they are an order of magnitude
less than the values recommended in the USAEC. WASH 740 report, 14
However, since the three experiments analyzed are directly pertinent
to the problem of line sources, it is felt that the analysis of these data
must guide the choice of values for Cz until further experimental
evidence is available,

The values recommended for n, C,, and Cz as a function of
height and thermal stability are summaiized in Table 2, Probable
limits of these values are also tabulated for the purpose of assassing
the degree of variability one might expect in these parameters, It is
emphasized that this tabulation of values is for estimating exposure at
the ground asfsing rrom release of material at a given cltitude h;
that is, the values represent rough averages over the helghts tnvolved,

For the small particle sizes constderecd in this study, the deposi-
tion of material from a cloud to the ground during non-precipitation

13
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1ADBLE 2,

Values of a,

Cy, and CZ

vs, lelght of release and thermal

stability to use tn models for esitimating exposure at the

ground, Ranges of the values are indicated in parentheses,
HEIGHT N -

(ft)  STABILITY Cy(m™?  cy(mV? 0
Lapse 0. 40(0 2-0,8) 0, 05(0 01- 0 1) 0.15(0,0-0, 20)
Neutral " 0, 25(0, 20-0, 35

500 Mcderate Inversion " " " " 9.33(0,30-0,45
Strong Inversion " " " " "~ 0,50(0, 45-0.80
Lapse " " " " 0, 20(0.0 -0, 20
Neutral " " " " 0, 25(0, 20-0, 35

5,000 Moderate Inversion " " " " 0.33(0.30- 0.45
Strong Inversion " " " " 0.50(0, 45-0, 80
Lapse " " " " 0. 2050.0 -0, 20
Neutral " " " " 0. 25(0, 20-0, 35

10,000 Moderate Inversion " " " " 0.330,30-0.45
Strong Inversion " " - " 0.50(0, 45-0, 80)
15,000 0, 30(0, 2-0,5) 0,03(0,C1-0,08) 0, 30(0, 20-0, 35)
20' 000 L1 1e " [ 3] " "
25'000 (1] 1] " [} 1 "
30'000 " 1) " e " (1}
35'000 (1} [} " (X} " "

conditions is believed to be Umited by the mzteorological diffusion
parameters and the processes of impaction and sticking to objects on
the ground rather than the settling of particles through the influence of
Particles brought through the boundary layer to the ground by
the turbulent diffusion process denosit on vegétatlon or other ground
object3 by inertial finpaction and diffusion and stick by electrostatic
forces, chemical attraction, or other means, Investigations of this
process during neutral atmospheric stabiiity, assuming that the rate of
transfer of material acrosy the boundary layer 13 equivalent to the rate
of transfer of momentum across the houndary layer, indicate that the
velocity of deposition should vary directly with wind speed, There is
also reason to Lelleve that the deposition velocity should change with

gravity,

stability in the lower layers of the atmosphere,

unstable conditicns than during inversion conditions,

being greater durirg




1Lt Hanford and from

Dta on the velocity of deposition of [
Brittsh experiments tndicate a value of 2,7 c¢m/sec is appropriate,
Calculations of the deposition velocity, assui’ing that the flux of mutter
13 equal to the flux of momentum during neutral coiwditions, result in
about the same value, Measurement of the velocity of depasition of
fission products resulting from arc burning of uranium has indicated
a lower depositinn velocity of about G, 1 cm/sec, The difference be-
tweer the 1131 and the fission product aeroso' values is believed to
be due primarily to a net difference in tmpaction, retention, or adsorp-
tion efficiency on the surface.

For the model proposed, the velocity of deposition 13 assumed to
vary directly with the wind speed near the ground (say 2 meters height)
with an arbitrary but theoretically tractable allowance made for the
change due to atmespheric stabllity, They are given as a'ratio to the
wind speed, Separate values are given for particulates :md’xa.logens
based on the experience at Hanferd and Entlish experimeits for the
halogens and English expertments for the fine particulates, The
noble gases do not appear to deposit appreciably,

In an analysis of rain-scavenging of radioactive particulate matter
from the atmosphere, Greenﬂeld8 found that direct interaction of rain.
drops and particles does not account for the efficient removal of material

whose dlameter s below approximately one micron diameter, However, . !
i

he was able to explain the removal of these smaller particles by allowing
the particles to mix with the water cloud before the raln starts so that
the small particles that are scavenged by coagulation are then placed in
a position to be more efficiently removed by the rain,

Our present knowledge is still too inadequate for anytaing beyond
a suggestion of the scavenging processes {n the atmosphere for such
finely divided material as envisaged {rom the reactor, Evidence {rom
world-wide fallout studies suggest that the very small usslon products
Lecome attached to the natural aerosol particlrs and then h:we a history
tn the atmosphere similar to that of the host, The time required for
such a conlition to near completion s not known, but one would not
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TABLE 3, Deposition parameters for particulates and halogens vs,
thermal stability, After Healy (9: p.6)

'THERMAL STABILITY Vy/ T

Particulates* Halogens
Strong Inversion 1.5 x 10-4 2.4 x10-3
Moderate Inversion 2,2x 10-4 3.4x 10‘3
Neutral 3 x 10‘4 1.6 x 10‘3
Unstable 6 x10-% 8x10°%

* For fission products attached to natural aerosols a figure of about |
ons-third that for halogens i3 suggested rather than the above
iigures for particulates, This {igure arises from qualitative ap-
praisal of world-wide fallout and cannot be defended qus atitattvaly
at this time,

expect it to be as rapid as the coagulation with larger water droplets
tecause of the reiative differences in mean free paths, Junge11 sug-
gests that the predominant cause of the modification in siz--distribution
of the stratospheric aerosols on the way down through the troposphere
is the repeated cycle of condensation and evaporation of clouds, a
process requiring consideratie time,

For the present calculation we assumed that the preduomirant
mechanism for removirg th.ase small particles from the air by rain
must be cloud-droplet-scavenging coupled with 'ater scavenginrg of the
cloud droplets by larger raindrops, Effective scavenging constants,
that is, the time required for the number of particles to decrease to
1/e of the initinl value, for the contaminant activity in the presence of
cloud droplets characteristic of stratus and cumulus cloud c'cndmons
were computed from Greenfleld’'s curves assuming that the activity
was proportional to the volume of the particle, The cloud character- ‘
1stics used by Greerfield compzred favorably with later data reported
by awtm Kampe ard Welckmann! and were not altered, The calculated
times required for onc-half the actlvity from the alr to enter the cloud
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TABLE 1. Parameters ior cloud-droplet scaverging of particulate
¢loud and precipitation scavenging of cloud droplets,

T T Scavenging  Eltmination
Helght of Rainfall Rate Constant, Constant A
Release (ft) Cloud Type (mm/hr) (sec-1) (sec-1)
s © e
Stratus 0.5 5x 10 2x10
All hetghts 5 3
5,000-35,000 Cumulus 3.5 6 x 10 1x10

droplets, that i3, the y values called for in the model after mixing of
the cloud and contamirant particles, are given in Table 4,

The amount of activity that will fall out as rain will depend upon
the time of mixing of the contaminant and cloud elements and the rate
at which the cloud droplets are swept from the cloud by larger rain-
drops. This latter aspect of the problem was studied by Chamber!aln
usiig Langmudr's theory"O of the formation of ralndrops by coalescen:e
with smaller ralndropé and Best's relatlonship4 betwean raind.op size
and rainfall rate, Resvits of Chamberlain's study applicable to this
problem are also summarized i{n Table 4. | |

The scavenging of fission products by cloud droplets can only
occur at heights at widch the clouds form, The heights of the various
types of clouds vary “/ithin wide limjts, However, scavenging by
stratus clouds should be Umited to 5000 {t and below, whereas scaveng-
ing by cumuliform clouds can occur at any height between 2000 {t and
the tropopause,

3.2 Exposure to Private Aircraft, Line or Point Source

Cor this part of the problem, only the determination of values of
U follows the same procedure as outlined in the preceding discussion,
Seasonal mean values for the three statlons chosen as examples of the
types of wind distributions to expect are given in Table 1 (page 13),

The choice of values for Cy, Cz' and n, however, requires a
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somewhat differcnt procedure, The diffusion problem we are consid-
ering here is generally restricted to a layer of the atmosphere that is
not particularly deep nor close to the surface, If the layer of concern
is well above the gradient wind level in the atmosphere, that s, about
10,000 ft or more above the surface, one would expect the turbulence
to be nearly isotropic, U the atmosphere were incompressible or the
mean tropospheric lapse rate neutral rather than slightly stable, one
could use theoretical argumentsto conclude an isotropic field of turbu-
lence in the free atmosphere, In any event it is difficult to ¢concelve
that the diffusion coefficiants, Cy and Cz, can differ by roughly an
order of magnitude so long as diffusion through the atmospheric friction
layer i3 not involved, There are no data concerning vertical diffusion
through layers of the {ree atmosphere that can be brought to bear on
this problem, so the best one can do here is to estimate a reasonable
value for Cz, In line with the discussion outlined above, one would
expect C Z to be slightly less than C_ in the mean, although at times
it could concelvably be equal to or greater than C_.

Thus, U both planes® are flying at 10,000 {ft or more above the
surface, we recommend the following values for the parameters: C_ ,
0.3; C 2 0.1; n, 0,30, Variations of these parameters are probably
within the ranges: 0,2 ¢ Cy < 0,9 0,05 ¢ Cz < 0,2
0.20 < n < 0,35,

On the other hand, Uf the flight altitude of eithcr plane is nearer
5000 than 10,000 ft or below 5000 {t, the values of Cy. Cz ,and n
given in Table 2 should be used,

1. DISCUSSION

Most of the remarks of this section are intended to provide per-
spective for use in eva.lua(lng the significance of exposure levels
estimated from the focegoing models, In general the approach to the
problem is conventional with methods directly obtained from the liter-
ature applled where possible. It 1s hoped that individuals using this
document will realize the uncertainties and the lack of precision of
* A privately-owned or commercial and a nuclear-powered aircraft)
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many cf the calculationad techniques used and will appreciate the role of
the ""educated guess, " both in deriving the model parameters and in
interpreting the results,

Even to this day there is no real standard set of numbers to use
in the diffusion model and each "expert' will use his own, In fact none
of tha many attempts to derive expressions for the diffusion of gases
and small particulate materials in the atmosphere can be rigorously
defended on theoretical grounds, Lut most can be used with acceptable
accuracy, U appropriate values of the diffusion parametéis are intro-
duced and the limitations of the models properly assessed, Corsequent-
ly there 138 a common reluctance among atmospheric physicists to
attach quantitative estimates to phenomena so vague and uncertain as
depc¢ sition and ratnout ar cloud scavenging, particularly since assign-
ment of numerical esti.nations conveys an erroneous impression of tihe
zoifldence or firmness of the knowledge constituting the basis of the
estimate, | )
The atinospheric diffusion model chosen utilizes the fact that the
damage from radioactive materials is the result of the total integrated
concentration or the product of the concentration and time and not of
the concentration itself, Thus the results are expressed in integrated
exposure regardless of tiie tline ¢f passage of the material, The ex-
pousure Limits to ve applied i calculating the pernissible release rates
can then be expressed in terms of the integrated concentration at the
site of interest, with the amount of any isotope in existence at this time
heing corrected for the decay time since release,

Care must be used 1n summling the componerts of tiie exposure at
various points in the environs for deterniming permissible release
rates. The externu exposure to humans at ground level will aris.
from material rematning In the cloud and that deposited on the ground
so that the change 1n size of the cloud and deposition pattern with dis-
tance must be taken Lnto account., turther, isotopic fiactionation of
both the matertal tn tite cloud and that deposited may occur at downwind
points due to ditferent deposition velocities of the 1sotopes, All of these
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factors must be properly accounted for {n nsing the model,

The diffusion model i{s only expected to provide an average be-
havior of the contaminants, For essentially instantaneous releases, a }ﬁ
large variety of behaviors is possible, Discrete puffs are influenced
completely by the eddy structure in which they are embedded. However
this structure may be changing constantly so that the variety of patterns
is almost infinite,

As 13 the practice with calculations of this nature, the dilution or
exposure is calculated for a specific meteorological condition, However,
meteorological conditions are characterized by change so that the proba-
bility of encountering protracted periods of a specific meteorological
condition is rather low, especially in the lower atmosphere, Thus the
"steady state' estimates made for large travel times may become in-
creasingly unrealistic, The mean wind speeds given in Table 2 (page
17) are averaged over the space governed ty the radfosonde flight
column to 35,000 it from a given station, In the aircraft flight problem
not only the winds in the area of flight but the winds {n the area affected
by the contaminants should be characteriz.d in terms of space and time
variability, Such a climatic summary for the specific areas is required
to adequately appraise the environmental problem, Then one can
nssess the probabllity of certain levels of environmental effects based
on the climatic summaries, Wind velocity shear in the vertical is an
important factor in dispersing materials in the atinosphere, particularly
over long travel times, In the lower 5000 ft of the atmosphere the
average veering is 20° to 90°, To a first approximation, one may as-
sume that thus veering i3 evenly distributed throughout the layer,

Another factor not speclfically included in the model Ls the effect
of large-scale yertical motlons in the atmosphere, However it is felt
that the effect of this factor is sufficiently allowed {or by the range of
C, appearing 1 Table 2, '

Altitudes as boundaries for certain physical processes in the at-
mosphere are not intended to be rigtdly defined, I[a deriving the values
of parameters and altitudes of applicability, some space and time
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average thought to be reasonable was used to provide an internally con-
sistent model, In some cases, only an educated guess was avallable,
Particularly difiicult or impossible to incorporate in a general model
is the effect of changes of thermal stability with altitude., Vertical
temperature soundings commonly show layers of stable and unstable
alr at various altitudes, Vertical diffusion of contaminants released
between stable layers may be limited almost as i bound by horizontal
barriers above and below, An analysis of temperature soundings in
the reglon of interest would indicate the severity of such a problem,
In coastal regions a land and sea breeze may have to be accounted for
in the analysis, The vertical extent of sea breezes is normally about
3000 ft, the land breeze about 1500 ft, and the overall Jand-sea breeze
system in the vertical extends to about 10,000 ft,

Noteworthy among the meteorological situations not adequately
covered by a general model 13 one such as the capping inversion in the
Los Angeles area, Disperstion of pollutants released in the layer be-
neath the inversion is largely confined to this layer, while hortzontal
dispersion is largely confined to the areal extent of the land-sea breeze
system, A climatic analysis of the region would indicate the frequency
of such adverse meteorological conditions,

Another example of such a region is found near the trade-wind
belt in tropical latitudes (roughly 5°N to 25°N in the Northern
Hemisphere), These so-called trade-wind inversions are particularly
persistent over ocean surfaces or smnall islands,

If, on the other hand, releases are consistently made well above
the capping inversion in regions such as these, it 13 to be expected that
exposure levels at the ground would be reduced from those estimated
using the models, ‘ | '

Another type of meteorological situation somewhat similar to
that just discussed {rom the polnt of view of estimating exposure levels
at the ground is the so-called polar outbreak, Inthis case a mass of
cold alr traveling behind a cold front {s normally capped Ly a strong
inversion, Once again, releases beneath the cap of the polar alr mass
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would increase the hazard problem at the surface for relatively large
areas since a strong polar outbreak characteristically moves over hun-
dreds of miles without significant change,

It should also be noted that the model does not account for changes
in the stability of the air in the lowest 5000 ft of the atmosphere a8 the
air travels from land to water or vice versa,

The atmospheric diffusion of the fission products that come in
contact with the ground, vegetation, bund.tngs,' etc., 1s complicated by
the loss due to deposition, which tends to deplete the layer of the plume
in contact with the ground, leaving an additional radioactive exposure
from the materials so deposited, The key parameter in the deposition
problem i3 the depusition coefficient for which rellable values must
come {rom experimental measurements, Even so, the deposition
phenomenon is believed to be s0 complicated by interactions among
diffusion parameters, surface characteristics, contaminant interactions,
carrier-host problems, retention efficiencies, and chemical nature of
contaminants and surfaces that interpretation of resultsis very difficult,

Cloud-dropl.t scavenging and raindrop scavenging are simplified
in the model, It has proved suitable {n meteorological practice to
characterize a rainfall by rainfall intensity and the average diameter
of drops and their terminal velocities (Best"). The computed values
correspond only approximately to the actual conditlons, as the size of
the drops alw.ys shows a spectral distrtbution, The curve of Best con-
talns mean values which, in single cases, show remarkable differences,
with the extreme range in rainfall rate for a given mean drop size about
a factor of two,
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Aie \enicles, N, Nissenwine, Yov 1958,

The Suppression of Aircraft kxhaust Trails, (. £. dndersan, Nou 1954,

Preliminary Report on the Attenuation of Thermal Radiation From Atomic or Thennonuclear
Keapons (L), R. Y. Chapman and M. /. Scavev,Nov 1954 (SECRET/RESTRICTED DATA Re-
pr)rl)
Height Errors in a Rawia System, K. [ eviton, Dec 1954
Metearological Aspects of Constant l.evel Balloon Operstions (U}, ¥. K. Widger, Ir. ot al, Dec
1954, (SECRET Repors)
Variations in eometric Height of 30 to 60 Thousand “oot Pressure-Altitudes (U4 N.
Nissenwine, A, E, Cole and ¥. Baginsky, Dec 1954. (CONFIDENTIAL Repors)
lleview of Time and Space Wind Fluctuations Applicable to Coaventional Bsllistic Deter
minatons, ¥, Buginsky, N, Sissenwine, B. Davidson asd H. Lettau, Dee 1954,
Claudiness Above 20,000 Feet for Certain Stellar Navigation Problems (U} 4. E. Cole, Jan
1955 (SECRET Keport)
'Inu Feasibility of the ldeatification of Hail and Severs Stoms, D, Atlas and R. Donaldson,

an 1955,
Rate of Rainfall Frequencies Over Selocted Air Routes sad Destinstions (U) A. E. Cole and
N. Sissenwine, Mar 1955, (SECRET Report)
Some Cossiderations oa the Modeling of Cratering Phesomena in Fanth/UA N. A. Naskell, Apr
1955, (SECRET, RESTRICTED DATA Report)
The Preparstion of P.xtended Forecasts of the Pressure Height Distribution in the Free Atmose
phete Over Notth Americs by 'se of Empirical Influeace Functions, R. . White, May 1955,
Cold Weather Effect vn 1862 l.aunching Pernonnel (L), V. Sissenwcine, Jun 1955. (SECRET Re-
port)

A\tmrapheric Pressure Pulse Measurements, Operation Castle (L'}, £. 4. Flowraud, Aug 1955,
(SECRET RESTRICTED DDATA Report)
Refraction of Shock Raven in the Atmosphere (L), N, A. lHaskell, 4ug 1955 (SECRET Report)
Wind variability a8 4 Fuaction of Time at \lurac, California, 8. Singer, Sep 1955,

[he Atmasphere, N, C, Cercon, & p 1955,

\real Variation of Cening Height (L), ¥. Baginsky and A. E. Cale, Oct 1955, (CONFIDENTIAL
Report) .
An Objective System for Preparing Operational Weather Forecusts, /. A, Lund and £, ¥, Wahl,
,\'ﬂl' 1953. '
The Practica! \spects of Tropizal \letcomlogy, C. £, Palmer, C. §. Bise, L. ], Stampson and
6. ll. Duncan, Sep 1955,

Remote Determination of Soil Traf!/icability by Aerial Penetrometee, €. VWolineux, Oct 1955,
b.lfects of the Primary Cosmic Rad:a:ion oa Matter, /. O. Cursis, Jun 1956,

Tropnepheric Variations of Refeactiv . Index at Mlici~wove Freaaencies, C, F, Campen and A, E.
Lole, Oct 1933, :

\ Program ta Tent Skill in Terminai ' urecesting, I . Grningorten, I. 4. Luad and 8. A, Willer, b
Jun 3535,

Fxtreme \imospheres and Ballistic -, sities, ¥. Sisseawine and A. E. Cole, Jul 1955,

lotstranal Frequencies and Absomption Coeflicients of \imaspheric Gasew, 8. ¥, Ghosh and 3
i, 1 Feards, Slar 1956, i
lonaspheric Effects on Positioning of Vehicles at Hich Mtitudes, ¥, Pfister and T. /.

Aeneshea, Har 1436,

I're«Troudh Winter Precipitation Forecasting, P, #. Fuvce, i#eb 1957,
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AIR FORCE SURVEYS IN GEQPHYSICS (Contirued:

Gecmagmetic Field Extrapolation Techniquss ~ An Evaluation of the Poisson Inteyral for o

Pluse (U), J. F. 4cClay and P, Fougere, Feb 1957. (SECRET Report)

The ARDC Model Atrosphers, 1956, R. 4. Minzner and 7. S, Ripley, Dec 1956

As Estimate of the Maximem Range of Detectability of Seimic Signals, N. 4. Haakell, Mar

1957,

Some Concepts for Predicting Nuclear Ceater Size (U} F. A, Crowley, Feb 1957. (SECRET/

RESTRICTED DATA Report)

Upper Wiad Represeatation aad rlight Plandiag, I .. Gringorten. ¥or 1957.

Reflection of Poiat Source Radiatioz From a Lanbert Plane Onto 2 Plane Reciver, 4. ¥,

Guesa, /ul 1957,

The Vadiations of Atmospheric Transmissivity sad Cloud Height ut Nowark, T. (. Haig, ond

F. C. Morton, lll, Jcn 1958,

Collection of Asromagaetic laformation For Geidance nad Navigation (U} K. Hutchinson, 8.

Shumen, R. Brsreton and ]. McClay, Ang 1957, (SECFET Report)

The Accaracy of Rind Detarmination From the Track of & Falling Object, V. Lally and R.

Levison, Mar 1958,

Estimating Soil Mcistare sad Tractionability Coaditicas lor Strategic Placaing (U} Part 1 -

Geunersl method, and Part 2 « Applications wad interpretations, C, V. ThormiAwaite, /. R.

Mather, D. 8, Carter ond C. E. Jirlineus, Har 1958 (Unclassified Report) Part 3 - Average

soil moisture ead tractionahilily ~onditions in Poland (U} D. B. Carter and C. E£. Nolinenx, Aug

1958 (CONFIDENTIAL Reporth Past 4 - Average soil moisture aad tractioasbility conditions

is Yugoslevia (U) D. 8. Carter and C. £, Nolireas, Ka. 1959 (CONFICENTIAL Report)

Wind Speeds ot 50,000 to 1000,000 Feet and a fielated Ballcoa Platfors Design Pmblem (U4 VY.

Dvoskin and N. Sissenwine, ul 1957. {SECRET Repors) ‘

Developmeat of Missile Design Wiad Proliles for Patrick AFB, N. Sissenunne, Mar 1958,

Cloud Base Detection by Airborne Radar, R. J. Donaldson, /r., ¥ar 1958,

Meas Free Air Gravity Asomelies, Geoid Contour Curves, aad the Average Deflectionn of the

Vertical (UL 7, A, Heiskanen, U, A. Uotile aad 0. V. Villiams, Mar 1958. (CONFIDENTIAL Re-

port) ,

E--aluation of AN/GMD-2 Wind Shear Data for Development of Minsile Design Criterie, N.

" voskin and . Sissenuine, Apr 1958.

A Phemomenological Theory of the Scaliag of Fireball Vliaimem Radiaat latensity with Yield aad

Altitade (U}, H. K. Sen, Apr 1958, (SECRET Repon)

Evalustion of Satellite Observing Network for Project **Space Track'’, G. R. Viczaika and H. O.

Curtis, Jun 1958,

As Qperational System to Measure, Compute, ead Preseat Approach Visibility Iaformation, 7, 0.

Haig and V. C. Worton, lli, Jun 1958,

Harerds of Lightaing Discharge to Aircralt, C. A. Faucher and H. 0. Cuwiiis, Aug 1958.

Coausil Prediction and Prevention (U}, C. S. Dounie, C. Z. Anderson, S. J. Birstein and B, 4.

Silverman, Aug 1958. (SECRET Report)

Methods o¢ Artificial Fog Dispersal and Their Fivaluation, C. £, Junge, Sep 1958,

}'ber;ull Techniques for Dissipating Fog From Aircealt Runways, C. S, Downie and R. B. Smith,
ep 1958. ‘

Accuracy of RDF Positioa Fixes in Tracking Constant-l.evel Ballooas, K. C. Giles and R. E,

Peterson, rdited by 7. K. ¥idger, Jr., Oct 1958.

The Effect of Rind Ermre on SAGE-Guided Intercepts (U), E. V. Darling, Ir. ard C. D, Kam,

Oct 1958 (CONFIDENTIAL Repont)

Dehavior of Atmosphenie Density Proliles, Y. Sissenwine, §. S, Aipley and . E. Cole, lec 1958.
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\IR FORCE SURVEYS IN GEOPHYSICS (Cuntiaucus

Mogaetic Determination of Space Vehicle Awitude (U), J. &, WeClay and P, F. “ougere, Mar
1959. (SECRET Report)

Final Report on Exhsnst Trail Physica: Project 7630, Tusk 76308 (L), M., H. McKenna, und
do O, Cartis, Jul 1959, (SECRET Report)

" [ :
Accuracy of Yean Moathly Geostrophic Wind Veciors as & Function of Station Network Dea-
sity, H. A. Salmela, Jun 1959.

As Esumate of the Strength of the Acowstic Sign. ] Ceaersted by ea [CM Nosc Tons Reentry
‘UM N. A. Haskell, Ang 1959. (CONFIDENTIAL ieport)

The Role of Radistion in Shock Propagation with Applicatioas to Altitade and Yield Sceling of
Nuciear Fireballe (U} H. K. Sen and A. V. Cueas, Sep 1959, (SECRET/RESIRICT .. UATA Reporsy

ARDC Model Atmosphere, 1959, R. A. Minaner, K. S. ¥. Champion and . L. Pond, 4ug 1959,

Hefinements in Utilization of Contour Charte s Climatically Specified Rind Profiles, 4. £,
Cole, Oct 1959,

Deoign Wind Proliles From Japaness Relay Souading Dats, V. Sissenwine, M, T. Wulkern,
and H. A, Salmela, Dee 1959,

Military Applications of Supercooled Cloed aad Fog Dissipation, C. S. Downie, and 8. A,
Silvernan, Dee 1959,
Factor Analysis sad Stepwise Regreesion Applied to the 24-lour Irediction of 500-mb Winde,

Temperatures, and lleighte Over 4 Siless Area (U), £. /. Aubers, I, A, Lund, A, Thomasell, /1.,
and J. I, Pazniokas, Feb 1960, (CONFIDENTIAL Regurt)

As Estimate of Precipitable Yater Aloag HigheAltitude Ray PPathe, Vurray Gutnick, Mar 196'..

Analvzing and Forecasting Mtaneological Conditions ia the Uppee Teoposphers ana Lower
Stratosphere, R. V. £adlich and C. 5, WUclean, Ape 1960,

Analysis and Irediction of the 500-mb Surface in & Sileat Area, (U), E. A, Aubert, May 1960,
(CONFIDENTI!AL Repeet 4,
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